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1Bray, G. A., Analytical Biochem., 1, 279 (1960) . 20 Keller, E. B., and P. C. Zamecnik, J. Biol. Chem., 221, 45 (1956) . 21 Maxwell, E. S., these PROCEEDINGS, 48, 1639 (1962 27, 1963 A light-induced reaction between bacteriochlorophyll and a cytochrome of type c in Chromatium cells has been reported by Chance and Nishimura,' who showed a temperature-independent oxidation (down to 80'K) of the cytochrome under anaerobic conditions at a rate reported to be 0.39 MM Fe++/sec. Duysens2 had earlier described a light-induced oxidation of cytochrome in Rhodospirillum rubrum under anaerobic conditions. In the experiments of Duysens, as well as in those of Chance and Nishimura, cytochrome was again reduced in the dark. Clayton3 showed that the light-induced oxidation of cytochrome in Chromatium chromatophores is closely connected to the absorption changes of a special component of bacteriochlorophyll. Evidence to date therefore favors a cytochrome as the electron donor reacting directly with bacteriochlorophyll upon illumination.
Ubiquinone (UQ) t has been implicated as a primary electron acceptor in bacterial photosynthesis by Clayton,4 who related the light-induced absorption changes in the 240-350 mu range to the reduction of UQ in chromatophores from Chromatium, R. rubrum, and Rps. spheroides. He also showed there was almost a 1: 1 relation-ship between the cytochrome oxidized and the UQ reduced in the light reaction, if the absorbancy change at 280 m;& could be attributed to the quinone. Bales and Vernon5 have correlated the rapid photooxidation of reduced 2,6-dichlorophenolindophenol by chromatophores of R. rubrum with absorption changes at 280 msA, implicating UQ as the electron acceptor in this reaction.
Vernon and Kamen6 reported a photooxidation of added ferrocytochrome c by R. rubrum chromatophores in the presence of oxygen. Vernon7 later demonstrated that this reaction could take place under strict anaerobicity upon the addition of fumarate or NAD. Smith8 concluded that the photooxidation of added cytochrome c was not enzymic since chromatophores which had been heated at 700 for 30 min still exhibited the reaction, even though proteins of the extract were precipitated.
Lindstrom9 studied the photooxidase activity of chromatophores using reduced 2,6-dichlorophenolindophenol as the electron donor, and concluded that such photooxidations are valid measurements for the oxidant in bacterial photosynthesis.
The experiments reported here show a very rapid photooxidation of added mammalian cytochrome c by chromatophores of R. rubrum with added UQ as the electron acceptor. Reduced UQ reduces the oxidized cytochrome c both chemically and enzymically in the dark, making the system reversible.
Methods and Materials.-R. rubrum cells were grown in a medium containing malate, glutamate, acetate, and ammonium chloride, as described previously.10 Chromatophores were prepared by 2 min sonic oscillation (Raytheon, 10 kc) of the whole cells, followed with two washings by centrifugation of the particles sedimenting from 20,000-100,000 X g.'0
Reactions were followed in a modified Beckman DB spectrophotometer. A cover for the cell compartment was constructed having a square opening, 14 aerobically, since the degree of anaerobicity had no effect on the rate of the reaction. The rate of oxygen-dependent cytochrome c photooxidation by R. rubrum chromatophores, which was reported by Vernon and Kamen," is much slower than the quinone coupled photooxidation.
ResultW.- Figure 1 shows the reduction of cytochrome c which occurred when reduced UQ2 was mixed with cytochrome c and R. rubrum chromatophores. Subsequent illumination produced an immediate oxidation of the cytochrome. The sequence could then be repeated by turning off the light, waiting until the cytochrome was completely reduced, and again illuminating. After the reaction had been allowed to complete two mmole/hr/mg chlorophyll). Figure 2 shows the dependence of the photooxidation of reduced cytochrome c upon the presence of UQ6. The first curve in this figure shows that chromatophores, in the presence of cytochrome c (a small amount of which is already in the reduced form) and 0.2 per cent deoxycholate, are capable of rapidly photooxidizing a small amount of cytochrome in the absence of added UQ. The amount of cytochrome oxidized is about 3.8 mumoles/ml. If this corresponds to endogenous quinone reduced, the photoreaction results in the reduction of 1.9 m/Amoles/ml of UQ&. Since there were 11.4 msmoles/ml of bacteriochlorophyll in the reaction mixture, the ratio of chlorophyll to quinone would be about 6 sodium deoxycholate solution, and 0.01 ml R. rubrum chromatophores containing 0.011 mg bacteriochlorophyll in a volume of 1.0 ml. At places indicated, 11 m~umoles of reduced UQ6 were added in 0.001 ml ethanol. The reaction was followed at 550 mnt as indicated in Fig. 1 . See text for explanations.
content. Vernon'3 used the results of three separate investigations on content of UQ,14, 15 cytochrome, and chlorophyll'6 to arrive at an approximate value of 3 chlorophylls to 1 UQ for R. rubrum. The first addition of 11 mjumoles of reduced UQ resulted in a rather slow reduction of cytochrome c which required about 18 min to reach completion. The sample was then illuminated (center curve of Fig. 2) , resulting in the oxidation of 20 mjumoles of cytochrome c as determined by the change in absorbancy at 550 mIu, using a millimolar absorbancy index of 21.0.17
After turning off the light and allowing the dark reduction of cytochrome c to proceed for a few minutes, a second aliquot of reduced UQ6 was added (11 m/umoles). A greater quantity of cytochrome then became reduced, which was completely oxidized upon illumination (third curve).
The apparent discrepancy in the ratio of cytochrome photooxidized to quinone added, shown in the third curve of Figure 2 (31:22), compared to that shown by the center curve (20: 11) , is most likely due to oxidation of the reduced quinone by oxygen in the air. This was indicated by other experiments in which limiting amounts of UQ were added. The amount of cytochrome c photooxidized gradually decreased through several cycles. With an excess of reduced quinone, however, the light-dark cycle could be repeated many times during a 2-3 hr period without appreciable change in the light-dependent reaction. The dark reaction tended to become slower, however, because of the decrease in reduced UQ-cytochrome c reductase activity. It can be noted by the absorbancy reading in the presence of ferricyanide (cytochrome c completely oxidized) that the light-induced reaction with excess quinone resulted in complete oxidation of the added cytochrome.
Evidence that the added quinone was reduced during the photooxidation of cytochrome was obtained from measurements in the 260-290 mj. region. Figure 3 shows the absorption spectra of oxidized UQ2 obtained in the dark (curve A) and reduced iUQ2 produced in the light (curve B). Almost identical curves were obtained upon repeating the light-dark sequence on the same sample, . * | * a difference spectrum was taken against the refer-240 260 280 300 320 ence containing oxidized cytochrome c (curve B). WAVELENGTH, mp& A check at 550 my showed that the degree of oxidation in the reference cell was essentiallX the same as in the illminated sample cell. The light was then turned off and, after reduction of the cytochrome by the reduced quinone, a difference spectrum was taken against the reference cell containing reduced cytochrome c (curve A). A second illumination (again using the reference cell containing oxidized cytochrome c) resulted in a difference spectrum which was the same as curve B. For these experiments it was necessary to filter the incident light (variable voltage selector set at 4.0 volts; see Methods section) through two Corning glass filters (numbers 2403 and 2550) and 2 cm of water, and also to use 1 cm of water as a barrier filter between the illuminated sample and phototube to minimize any effect of scattered light on the spectra taken in the UV region during illumination.
Curve B shows the presence of some oxidized quinone in the light. Although cytochrome and quinone were added in approximately equivalent amounts (2 molecules of cytochrome to 1 molecule of quinone), it is apparent that in this experiment not all the quinone was originally in the reduced form. However, the curves shown were taken within a few minutes of each other, and definitely show the changes in redox state of quinone which accompany cytochrome c photooxidation.
In agreement with previous observations on the heat stability of the photooxidation reactions of R. rubrum chromatophores 8, 9 it was found that good activity remained in chromatophores which had been incubated at 600 for 3 hr. However, when heated to 900 for 2 min no activity could be observed even after sonication of the heated particles.
Discussion.-The rapid photoreaction reported here, involving the oxidation of added cytochrome c and a simultaneous reduction of added UQ by R. rubrum chromatophores, is a model system for the primary events currently believed to take place when whole cells are illuminated. Investigators have shown that photooxidation of a c type cytochrome occurs very early in the sequence of changes caused by illumination of cells as well as chromatophores of photosynthetic bacteria.1I [18] [19] [20] [21] [22] Quinone has been implicated as an electron acceptor in the photooxidation of reduced 2,6-dichlorophenolindophenol,6 and Clayton4 has proposed that UQ acts as a primary electron acceptor in bacterial photosynthesis. The demonstration that chromatophores are capable of the rapid photoreaction described in this paper lends support to the current concept of cytochrome and quinone function in the primary photochemical event.
The ability of chromatophores to carry out the reduction of a quinone by the same chlorophyll system which oxidizes a cytochrome may well represent one of the fundamental differences between the bacterial system and that of higher plants.
The current evidence indicates that quinone in the plant system is reduced by a different chlorophyll system than that which oxidizes the cytochrome.23 This could account for the observation that R. rubrum chromatophores demonstrate a true cyclic photophosphorylation, while chloroplasts do not perform this function at an appreciable rate, unless phenazine methosulfate is added to serve as a cofactor. Attempts thus far to show a rapid photooxidation of cytochrome c and a coupled reduction of UQ or plastoquinone in chloroplasts or chloroplast fragments under a variety of conditions have not been successful, further demonstrating a basic difference between the two photosynthetic systems. The observation of reduced UQ-cytochrome c reductase activity in R. rubrum chromatophores, which experiments now in progress show is antimycin-sensitive, furnishes evidence of a dark electron transfer system similar to that of mitochondria. If a comparison can be made between the sites of phosphorylation in the two systems, ATP formation would be expected to occur during the transfer of electrons from the reduced quinone to the c type cytochrome in bacteria. The photooxidation by R. rubrum chromatophores of added cytochrome c with the simultaneous photoreduction of added UQ and the subsequent re-reduction of cytochrome c in a dark, antimycin-sensitive reaction may very well represent the flow of electrons which results in cyclic photophosphorylation. 2, 1963 DNA banded in CsCl gradients at pH 12 has an increased buoyant density due to binding Cs+ ions to guanine (G) and thymine (T) residues, which ionize when the DNA denatures near pH 11.' In the course of other experiments we observed that pneumococcal DNA had an unusually broad and rather flat-topped profile under these conditions, as compared to its denatured band at neutral pH (Fig. 1) Tracings were drawn directly on the figure by a Joyce-Loebl microdensitometer.
Although the mole fraction of G + T equals 0.50 in double-stranded DNA, they
